Until now, ultrafast IR spectroscopy has been limited by the bandwidth of optical parametric amplifiers, typically 100-400 cm −1 . Here we present the first example of transient IR spectroscopy using a continuum laser source to probe the entire mid-IR region with ultrafast time resolution. The continuum source is based on focusing the fundamental, second harmonic, and third harmonic of 1 mJ, 25 fs, 800 nm pulses in air, generating ∼150 fs continuum mid-IR pulses that span the frequency range of <400 to >5000 cm −1 or, conversely, <2 to >25 μm. We characterize the spectral and temporal properties of dicarbonylacetonato rhodium(I) in hexane. We further demonstrate the versatility of the method by measuring the very fast and broad (>1500 cm −1 ) spectral changes following IR excitation associated with the 7-azaindole-acetic acid heterodimer in carbon tetrachloride.
Ultrafast mid-IR sources are usually based on optical parametric amplifiers (OPAs) [1, 2] . Either the idler around 3 μm is used directly, or difference-frequency generation between the signal and idler is used to create tunable pulses between 2.5 and 20 μm. Such "broadband" pulses typically have bandwidths of 100 to 400 cm −1 . Thus, only a relatively small part of the vibrational spectrum, corresponding to a single or few functional groups, can be probed at a given time. To probe multiple vibrational bands, the OPA must be tuned, which is a time-consuming process. We recently reported the development of an ultrafast continuum mid-IR source with enough power for transient spectroscopy [3, 4] . The IR continuum is generated through nonlinear optical processes by simultaneously focusing 800, 400, and 267 nm light in air, leading to filamentation. This approach is similar to the method of generating THz pulses by focusing 800 and 400 nm pulses in air [5] [6] [7] [8] [9] [10] .
Here we report the first application of the continuum mid-IR source in an ultrafast pump-probe spectroscopy. The experiment is driven by the output of a 5 mJ, 1 kHz, 25 fs Ti:sapphire laser system (Coherent Legend Elite Duo). The continuum IR generation uses 1 mJ, and the tunable pump from 295 nm to 15 μm is generated from the output of an OPA (Coherent OPerA) pumped with 3 mJ. The remaining 1 mJ is used for an unrelated experiment. The signal and idler have pulse durations of ∼35 fs and energies of 0.5 and 0.3 mJ per pulse, respectively. The different pump wavelengths are obtained by using the signal or idler directly-or by doubling, quadrupling, or difference-frequency generation of the signal and/or idler. The 1000-5000 cm −1 spectral region of the continuum pulse is detected using a monochromator with three gratings and a single element mercury cadmium telluride (MCT) detector. The time-resolution of the experiment is determined to be ∼150 fs. For a given time delay, the transient spectrum is obtained by scanning the monochromator but could be measured in a single shot using an array detector. In the present study, we perform IR pump-continuum IR probe spectroscopy of the well-characterized system of dicarbonylacetonato rhodium(I) (RDC) in hexane as well as the 7-azaindoleacetic acid heterodimer in carbon tetrachloride, which exhibits a broad transient spectrum.
Generation of the continuum IR pulse has been described in a previous study, where a 400 μJ, 35 fs, 800 nm laser source was used to produce mid-IR frequencies larger than 3000 cm −1 [3] . The bandwidth of the continuum is related to the bandwidth of the driving electric fields. In the present study, we use 25 fs, 800 nm pulses to drive the continuum generation, resulting in frequencies exceeding 5000 cm −1 . The 800 nm beam is collimated to 5 mm, and four crystals are inserted in series: (i) a doubling crystal: Type 1 BBO, 10 mm × 10 mm × 0.05 mm, θ 29.2°, supported on 1 mm fused silica; (ii) a delay plate: Type 1 BBO, 10 mm × 10 mm × 3 mm, θ 66°; (iii) a dual wave plate: quartz, 0.584 mm thick, 6.5λ at 800 nm, 14λ at 400 nm; and (iv) a tripling crystal: Type 1 BBO, 10 mm × 10 mm × 0.05 mm, θ 44.3°, supported on 1 mm fused silica. Thinner crystals are used in the present setup compared to [1] because the shorter pulses are more susceptible to temporal walk-off in the nonlinear crystals. For the two supported crystals, it is important that the beam passes through the fused silica first to avoid walk-off between the colors. The dispersion in the doubling crystal is precompensated by the compression of the 800 nm pulse. The delay plate compensates for temporal walk-off between the 800 and 400 nm in the tripling crystal and the wave plate [3, 11] . The three copropagating colors are then focused to approximately 100 μm by a 50 cm focal length protected aluminum mirror, leading to filamentation and continuum IR generation. The beams are recollimated by a 100 cm focal length protected silver mirror. A 50.8 mm diameter, 0.5 mm thick silicon wafer is used to remove the driving frequencies and protect the IR optics further along the beam path. However, since the IR continuum is vertically displaced by about 4 cm with respect to the 800, 400, and 267 nm beams, the silicon filter is not needed during the experiment and is removed to minimize dispersion. The continuum IR is focused by a 203.2 mm focal length 90°o ff-axis parabolic mirror (25.4 mm diameter, Al) and crossed in the sample with the pump beam, which is focused by a lens to accommodate the beam characteristics of different pump wavelengths. After the sample, the IR is collimated by a 101.6 mm focal length 90°o ff-axis parabolic mirror (25.4 mm diameter, Au) and directed through a monochromator to a single element liquid nitrogen-cooled MCT detector. The experimental configuration is shown in Fig. 1 .
The spectrum of the continuum IR as measured by scanning three different gratings in the monochromator (300 grooves per mm, blazed at 2 μm; 150 grooves per mm, blazed at 4 μm; and 75 grooves per mm, blazed at 8 μm) is shown in Fig. 2 . The low-frequency cutoff is caused by the efficiencies of the grating and MCT detector, which is doped for 12 μm. For comparison, the spectrum was also measured using an unpurged commercial FTIR spectrometer.
The temporal duration of the continuum pulse was characterized at the sample position in two ways: (i) by cross-correlation, frequency-resolved optical gating (XFROG) with ∼35 fs, 700 nm (doubled signal) pulses in a MgO:LiNbO 3 crystal (15 mm × 15 mm × 0.2 mm, θ 48°, ϕ 30°) and (ii) cross-correlation in germanium with ∼35 fs, 1830 nm pulses. Due to phase matching conditions in the MgO:LiNbO 3 crystal, only the highfrequency part of the continuum IR is captured in the XFROG. Each wavelength component is fit to a Gaussian pulse shape, and the duration and center position is extracted. The cross-correlation in germanium was performed from 1000 to 4000 cm −1 . When germanium is excited with 1830 nm light, an electron-hole pair is generated, resulting in an induced IR absorbance. This leads to an error function-shaped reduced transmittance of an IR pulse with a width corresponding to the convolution of the duration of the pump and probe pulses with the instantaneous (step function) response of the carrier generation. The XFROG, the cross-correlation in germanium, and the derived pulse duration and relative temporal chirp of the different wavelength components are shown in Fig. 3 . Due to the small dispersion of air, the generated continuum pulses remain short, ranging 110 to 160 fs for the different frequency components, and they exhibit a small chirp, spanning about 50 fs between the arrival time of the different frequencies. The continuum IR pulse is linearly polarized at about 45°, which makes it easy to measure the parallel and perpendicular component of the pump-probe signal with equal strengths by inserting a polarizer in the probe beam after the sample.
We first tested out the experimental configuration by examining RDC in hexane, which has previously been characterized with third-order nonlinear IR spectroscopies using OPAs [12, 13] . We measured the vibrational relaxation of the symmetric and asymmetric CO stretching modes of RDC and their overtones by IR pumpcontinuum IR probe spectroscopy. The sample was contained in a sandwich-type cell between two 25.4 mm diameter, 1 mm thick CaF 2 windows with a 100 μm Teflon spacer. The optical density of the ∼5 mM RDC in hexane was 0.2. Figure 4 compares the FTIR spectrum and the transient IR spectrum taken at parallel polarization at 500 fs delay. Figure 4 further shows the isotropic and anisotropic relaxation at 2004 cm −1 calculated from the parallel and perpendicular pump-probe signal. The isotropic and anisotropic relaxation is fitted to a biexponential and monoexponential decay, respectively, with [12] . However, where RDC is a nice system for benchmarking our new technique, the frequency range is relatively narrow and can be captured with conventional IR pump-probe spectroscopy utilizing OPAs. To illustrate the power of the continuum IR spectroscopy, we examined the heterodimer of 7-azaindole with acetic acid (7AI-Ac) in carbon tetrachloride. Like RDC, the 0.25 M 7AI-Ac sample in carbon tetrachloride was contained in a 100 μm thick sandwich cell with 1 mm thick CaF 2 windows. This system exhibits an extremely broad IR spectrum, shown in Fig. 4 . The sharper feature at 3200 cm −1 is due to the NH stretch, the broad structured region of 2800 to 3200 cm −1 is attributed to Fermi resonances, and the broad doublehump from 1700 to 2800 cm −1 is due to the OH stretch [10] . The vibrational dynamics of the high-frequency range of this dimer was previously studied with thirdorder spectroscopy using ∼400 cm −1 broad pulses centered at 3100 cm −1 [14] . We measured the spectral changes from 1600 to 3400 cm −1 following excitation of the OH band at 2500 cm −1 . Figure 4 compares the FTIR spectrum to the very broad transient spectra of 7AI-Ac taken at 325 fs after the pump and the kinetic traces taken at 1900, 2500, and 3250 cm −1 . The data suggest a very strong coupling between the OH and the NH mode despite being 750 cm −1 higher in frequency. This broad transient spectrum would be very difficult and time-consuming to piece together by scanning the 100-400 cm −1 broad spectrum of an ultrafast OPA. Here we obtain the spectrum using a single-element MCT detector by scanning the monochromator, but it could be measured in a single shot with a MCT array detector. We have presented the first experimental application of ultrafast continuum mid-IR laser pulses in pump-probe spectroscopy. When driven by 25 fs, 800 nm pulses, the generated continuum spectrum contains the entire vibrational spectrum (<400 to >5000 cm −1 ) in a ∼150 fs pulse with a small chirp (∼50 fs). Using a monochromator with three gratings and a single-element detector, we can measure transient spectra in the 1000-5000 cm −1 range following excitation from 295 nm to 15 μm with ∼150 fs time resolution. After benchmarking the IR pumpcontinuum IR probe spectroscopy with RDC in hexane, we showed the full strength of the method by probing the very broad spectral changes of the 7AI-Ac dimer in carbon tetrachloride.
The ability to probe the entire vibrational spectrum in a single laser shot will facilitate studying a vast range of phenomena, such as energy transfer between high-and low-frequency vibrational modes, the broad spectral changes associated with proton transfer, and intraband carrier spectra and relaxation in semiconductor nanostructures. We believe that the new method has the potential to revolutionize ultrafast IR spectroscopy.
